Transmission electron microscopy of thin sectioned cells of the honeybee spiroplasma BC3 revealed evidence of a helically twisted ribbon closely associated with the cytoplasmic surface of the plasma membrane. The cellular distribution of p55-fibril protein as demonstrated by immunogold staining with anti-p55 antibody was consistent with the presence of p55 in this ribbon. We conclude that spiroplasma fibrils are arranged in a single helically twisted ribbon rather than forming a contractile sheath or branched axial fibre. Immunogold staining with antip25-spiralin antibody confirmed that this protein is localized in the plasma membrane and also showed that it occurs in extracellular strands. These strands may be antigenically distinct from the integral form of the protein.
Irnmunogold Localization of p55-Fibril Protein and p25-Spiralin in Spiroplasma Cells
By R . T Transmission electron microscopy of thin sectioned cells of the honeybee spiroplasma BC3 revealed evidence of a helically twisted ribbon closely associated with the cytoplasmic surface of the plasma membrane. The cellular distribution of p55-fibril protein as demonstrated by immunogold staining with anti-p55 antibody was consistent with the presence of p55 in this ribbon. We conclude that spiroplasma fibrils are arranged in a single helically twisted ribbon rather than forming a contractile sheath or branched axial fibre. Immunogold staining with antip25-spiralin antibody confirmed that this protein is localized in the plasma membrane and also showed that it occurs in extracellular strands. These strands may be antigenically distinct from the integral form of the protein.
I N T R O D U C T I O N
Spiroplasmas contain long flexuous fibrils 3.6 nm in diameter and several pm in length which are composed of a protein of mol. wt 55000 (p55) (Townsend et al., 1980a ). This polypeptide is highly conserved among members of the genus Spiroplasrna and comprises between 0.5 and 3% of total cell protein in different species (Townsend & Archer, 1983) . It has been suggested that these fibrils may form part of a contractile peripheral sheath (Razin, 1978; Townsend et a/., 1980a, b) or a branched 'cytoskeleton' (Wilson & Goodman, 1982) which is responsible for maintaining the helical shape of these wall-less prokaryotes and generating the twisting movements which characterize their motility. However, it has not been possible to demonstrate the cellular organization of the fibrils and to determine if it is compatible with their proposed function. Fibrils could not be resolved in thin sections of spiroplasmas fixed under conditions regarded as optimal for the preservation of helicity (Cole et al., 1973) or in replicas of freezecleaved cells (Razin et al., 1973) . Kleinschmidt spreads of osmotically sensitized cells indicated that the fibrils might be organized into a single fibre bundle or ribbon in the intact spiroplasma (Townsend, 1983a) , but attempts to confirm this arrangement by immuno-localization of fibrils in cell sections have been frustrated because purified fibrils associate into large aggregates which are highly resistant to dissociation (Townsend et al., 1980a ) and fail to elicit detectable antibodies (unpublished results). Although purified fibrils could be solubilized in SDS, antibodies elicited against the detergent-solubilized p55 only reacted with denatured protein (Townsend & Archer, 1983) . We report here the production of an antibody which specifically recognizes denatured p55 on blots but also reacts with native fibrils, and its use in an immunogold staining procedure to demonstrate the cellular organization of spiroplasma fibrils.
We have also used immunogold staining to investigate the distribution of a protein (p25) with a molecular weight of 25 000, which is the major membrane protein of spiroplasma BC3 (Archer & Townsend, 198 l ) , and which is related to the spiralin protein of Spiroplasrna citri (Wroblewski et al., 1977 (Markham et al., 1974) supplemented with 10% (v/v) foetal calf serum. Cells were harvested in the late exponential phase of growth by centrifugation (1 5000g, 15 min, 4 "C) and resuspended very gently at 4 "C in a quarter volume of 15 mM-Tris/HCI buffer pH 7.5 (TB) containing 7% (w/v) sorbitol and 0.1 % fructose to give a washed cell suspension.
Fixation of'spiroplasmas with glutaraldehyde or parajormaldehyde. Ice-cold glutaraldehyde ( 12.5 %, w/v) or freshly generated paraformaldehyde (lo%, w/v) in 0.2 M-cacodylate buffer pH 7.0 containing 7% (w/v) sorbitol was added to an equal volume of washed cell suspension and the mixture incubated on ice for 1 h. Fixed spiroplasmas were collected by centrifugation, washed in TB and then sedimented by centrifugation. The pellets were resuspended in a one-tenth starting volume of TB to give a fixed cell suspension containing about 1 O ' O cells ml-I. Dissociation of'spiroplasma.fibriIs by maleylation. Fibrils (8 mg) purified from spiroplasma BC3 by the method of Townsend et al. (1980~) were resuspended in 50 mM-HEPES pH 8.2 containing 30 mg of the protein dissociating reagent 2,3-dimethylmaleic anhydride (DMMA; Aldrich) (Butler et al., 1967; Gertler, 1971 ) and stirred for 4 h at 20 "C. Since maleylation is accompanied by the release of hydrogen ions, the pH was maintained above 8-0 by addition of 5 M-KOH. the reaction mixture was then centrifuged (180000g, 1 h, 4°C) to remove undissociated protein and the pellet was dried and weighed to determine, by difference, the amount of dissociated protein. Since it has been shown that maleylation of enzymes is reversible, hydrolysis of the maleylamino bonds resulting in complete restoration of enzyme activity (Gertler, 1971 ; PalaciHn, 1979), we considered it probable that the maleylated fibril protein would retain epitopes characteristic of the native protein particularly if the reaction could be demonstrably reversed by reconstitution of intact fibrils. To investigate the reversibility of the reaction a small sample of the clear supernatant containing the solubilized protein was removed and the 2,3-dimethylmaleylamino bonds were hydrolysed (Butler et al., 1967; Dixon & Perham, 1968) by lowering the pH to 6.0 with I M-sodium cacodylate buffer and incubating for 4 h at 37 "C. The reaction mixture was centrifuged and the composition of the pellet investigated by electron microscopy and SDS-polyacrylamide gel electrophoresis (PAGE) (see below). The remainder of the bulk supernatant containing soluble 2,3-dimethyl-methylated protein was dialysed overnight at 4 "C against 25 mM-Tris/HCI buffer pH 8.2 to remove hydrolysed reagent.
Production of'anti-p55 antibody. Immediately after dialysis the preparation of dissociated fibrils was emulsified with an equal volume of Freund's incomplete adjuvant and injected subcutaneously into a New Zealand White rabbit. A further injection of freshly prepared antigen was made after 3 weeks and the animal was bled 2 weeks later. The immune serum, hereafter referred to as anti-p55 serum, was divided into aliquots and stored at -20 "C.
Cross-adsorbed anti-p55 serum that was free of antibodies elicited against cell surface antigens, hereafter referred to as anti-p55 antibody, was obtained by mixing 0-1 ml anti-p55 serum with 3 ml glutaraldehyde fixed cell suspension in TB containing 0.9% NaCl (TBS). After incubation at 4 "C for 16 h with continuous agitation, the cells with bound antibody were removed by centrifugation and the resulting anti-p55 antibody stored in aliquots at -20 "C.
Anti-p25 antibody which reacted specifically with the 25000 mol. wt spiralin-like protein of BC3, as demonstrated by cross-immunoelectrophoresis (Archer & Townsend, 198 l) , was prepared using p25-spiralin purified by agarose suspension electrophoretic separation of sodium deoxycholate soluble BC3 membrane proteins (Archer & Townsend, 1981) .
The stated dilution factors represent the overall dilution relative to original serum. ImmunodCffusion and spiroplasma dejormation. The activity of the antiserum was monitored by double immunodiffusion (Crowle, 1961) against DMMA dissociated fibrils, SDS solubilized fibrils and SDS solubilized total BC3 cell proteins. The presence of antibodies reacting with cell surface antigens was investigated using the spiroplasma deformation test (Williamson et al., 1978) .
1mmuno:ferritin localization of' cell surjuce antigens on ,fi.ued spiroplasmas. To examine the distribution of cell surface antigens, whose presence was indicated by high cell deformation titres, anti-p55 serum was added, before and after cross-adsorption against fixed cells, or anti-p25 antibody, to glutaraldehyde fixed cell suspensions to give a final dilution of 1 in 100. After 30 min at 37 "C, goat anti-rabbit IgG-ferritin (Miles Laboratories, Slough, UK) was added to a dilution of 1 in 100. After a further 30 min at 37 "C, the cells were collected by centrifugation, washed twice in TB and observed by transmission electron microscopy without negative staining.
ImmunoTferritin labelling of' native p.55 in Kleinschmidt spreads of'spiroplasma cell contents. In order to confirm that the anti-p55-antibody recognized native protein, the antibody was used to label fibrils released from lysed cells. To facilitate lysis, glycerol (lo%, v/v) was added to 1 ml washed cell suspension which was incubated for 30 min at 4 "C. Drops of the osmotically sensitized cell suspension were then applied to glass distilled water essentially according to the one-step release method of Kleinschmidt (1968) but without addition of cytochrome c. Cell spreads were collected on carbon-coated parlodion support films and floated on drops of TBS containing 1 % (w/v) ' bovine serum albumin (BSA) for 10 min to block protein binding sites. The cell spreads were then transferred to TB containing BSA and a 1 in 30 or 1 in 100 dilution of anti-p55 antibody or a 1 in 100 dilution of anti-p25 antibody, incubated for 1 h at 20 "C and then washed on drops of TB. The washed cell spreads were then floated on a 1 in 50 dilution of goat anti-rabbit IgG-ferritin in TBS for 30 min, washed 10 times in drops of TB and finally negatively stained with uranyl acetate.
Immuno:ferritin localization of'p.55 infixed, detergent extracted cells. To investigate if spiroplasma cells could be made permeable to antibodies in order to reveal the intracellular arrangement of fibrils, paraformaldehyde fixed cells were treated with 0.1 % SDS or 0.1 %Triton X-100 for 1 h at 4 "C. The detergent extracted cells were processed as described for the immuno-ferritin localization of cell surface antigens on fixed cells or examined by transmission electron microscopy following negative staining with uranyl acetate.
PAGE and protein blotting. Samples of insoluble, reconstituted fibril protein or total BC3 cell proteins were solubilized in SDS and electrophoresed in 15 cm long slabs of 15% (w/v) polyacrylamide prepared essentially according to Laemmli (1970) . After electrophoresis, gels were stained with Coomassie brilliant blue or blotted to nitrocellulose sheets in the presence of 4 M-urea (Bowen et al., 1980) . Blots were stained with Coomassie brilliant blue (Townsend & Archer, 1983) to check protein transfer and locate molecular weight markers.
Detection of'antigens on blots. Nitrocellulose sheets were probed for bound antigens with antibody diluted 1 in 1000 (Townsend & Archer, 1983) . Protein-antibody complexes were located by incubating in a 1 in 2000 dilution of goat anti-rabbit IgG-horseradish peroxidase (Miles Laboratories; Towbin et al., 1979) and developed in the substrate 4-chloro-1 -naphthol (Hawkes et al., 1982) .
Embedding and thin sectioning. Fixed cells from 1 ml suspension were sedimented by centrifugation and the pellet embedded in 1 "/, (w/v) agarose. Paraformaldehyde fixed pellets were processed for electron microscopy as described previously (Markham et al., 1974) . Glutaraldehyde fixed pellets for immunogold staining were dehydrated at low temperature and embedded in Lowacryl K4M (Carlemalm et al., 1982) as described by Robertson er al. (1984) . Sections were cut at a thickness of about 75 nm and placed directly on either 200 mesh gold grids to enable both section faces to be stained or on grids bearing carbon-parlodion films so that only the upper face of the section was stained.
tmmunogold localizatior; of'p.5.5 and p2.5 in thin sections. Grids bearing sections were treated with antibody as described by Robertson et al. ( 1984) . Pre-immune serum, anti-p25 antibody and non-cross-adsorbed anti-p55 serum were diluted 1 in 10. Anti-p55 antibody was diluted 1 in 30. Bound antibodies were localized by treatment with a 1 in 10 dilution of goat anti-rabbit IgG-gold ( 5 nm) (Janssen Pharmaceutica, Beerse, Belgium) and washed in TBS containing 0.1 % (w/v) Triton X-100 (Robertson et al., 1984) . Sections were post stained in uranyl acetate. (Fig. 1) . When the precipitate was solubilized in SDS and subjected to SDS-PAGE it migrated as a single band corresponding to a protein of mol. wt 55000 (results not shown).
RESULTS

Reversible dissociation
SpeciJicity of' anti-p55 serum. Anti-p55 serum from the rabbit immunized with DMMA dissociated fibrils formed precipitin lines in agarose against homologous antigen and against fibrils solubilized in SDS and also gave weak positive reactions against whole BC3 cells solubilized in SDS (results not shown). However, anti-p55 serum caused loss of motility and cell deformation at dilutions up to 1 in 256 whereas pre-immune serum failed to deform cells at a dilution of 1 in 32, indicating that the immune serum contained antibodies binding to the cell surface. Since fibrils have been claimed to be endocellular structures (Townsend et al., 1980b) we concluded that the anti-p55 serum was probably contaminated with antibodies elicited against cell surface antigens. To identify these antigens, blots of total SDS denatured BC 3 cell proteins were probed with anti-p55 serum. As well as p55, the anti-p55 serum reacted with a smaller protein of mol. wt 25000 (Fig. 2, track 1) . This protein was recognized by anti-p25 antibody, identifying it as BC3 spiralin (Fig. 2, track 3) . Anti-p25 antibody also reacted weakly with a higher molecular weight protein of unknown identity.
Cross-adsorption of' anti-p55 serum. To remove antibodies against p25-spiralin the anti-p55 serum was cross-adsorbed against glutaraldehyde fixed spiroplasmas. Following crossadsorption the anti-p55 antibody no longer reacted with p25 but still reacted with p55 with undiminished efficiency (Fig. 2, track 2) . The cross-adsorbed anti-p55 antibody failed to cause spiroplasma deformation at the lowest dilution tested (1 in 30) .
Zmmuno-jerritin localization ofp25 on the cell surface. To confirm that anti-p55 antibody no longer reacted with p25 surface antigen, fixed cells were immuno-ferritin stained with antbp55 serum before and after cross-adsorption against fixed cells. Before cross-adsorption the anti-p55 serum localized p25 in discrete patches over the surface of the cell (Fig. 3a) whereas after crossadsorption anti-p55 antibody failed to stain any sites on the cell surface (results not shown).
The localization of p25 in discrete patches was at variance with a previous report (Archer & Townsend, 1981) which showed that p25 antigen was uniformly distributed over the cell surface. We therefore repeated the immuno-ferritin staining with anti-p25 antibody and again observed uniform staining of the cell surface (Fig. 36) .
Zmmuno-jerritin labelling ojnativep.55 in cell spreads. Kleinschmidt spreads of osmotically lysed cells were immuno-ferritin stained with cross-adsorbed anti-p55 antibody to confirm that the antibody recognized native protein. Anti-p55 antibody caused heavy staining of fibrils released from lysed cells (Fig. 3c) . At a dilution of 1 in 100, the antibody stained fibrils less heavily, allowing their characteristic morphology to be discerned (Fig. 3 d ) . No staining was observed when fibrils were exposed to anti-p25 antibody (Fig. 3e) .
Immuno-ferritin localization ofp.55 injcixed, detergent extracted cells. Attempts to localize p55 in situ by permeabilizing paraformaldehyde fixed cells to antibodies were unsuccessful. Detergent treated cells bound large quantities of goat anti-rabbit IgG-ferritin non-specifically. However, cells extracted with SDS and to a lesser extent Triton X-100 showed a complex network of extracellular strands when negatively stained (Fig. 3f) .
Thin sections of' parafbrmaldehyde fixed cells. Paraformaldehyde fixation results in poor preservation of membranes because lipids are removed during subsequent processing but, as a consequence, it may be easier to discern structures which are closely associated with the membrane. Some sections which passed along the longitudinal axis of the spiroplasma cell helix showed a discontinuous electron-dense layer abutting the cytoplasmic face of the plasma membrane on the inner curvature of each coil of the helix (Fig. 4a, c) . In cross-sections of the cell filament this layer was crescent shaped and measured up to 10 nm between inner and outer surfaces (Fig. 4b) . Thin sections cut in the plane of this layer suggested that it contained several thin parallel fibrils (Fig. 4 d ) .
Immunogold localization of p55 and p25 on thin sections. Cross-sections of the cell filament, immunogold stained on one face with anti-p55 antibody as the primary antibody, showed gold particles localized in groups or short strings confined to one side of the cell (Fig. 5a-e) . Most particles were located near the cytoplasmic face of the plasma membrane. Controls in which sections were stained with pre-immune serum instead of specific antibody showed no gold staining (Fig. 5 f ) . Cross-sections stained with anti-p25 antibody became heavily labelled with gold particles around the circumference of the cell (Fig. 5g) . A significant proportion of the gold particles appeared to be located on the cytoplasmic side of the plasma membrane Extracellular strands of electron-dense material were often visible and appeared to be associated with the outer layer of the plasma membrane ( Fig. 5d-f ). They were not stained by anti-p55 antibody but were stained by anti-p25 antibody (Fig. 5g) and by non-cross-adsorbed anti-p55 serum (Fig. 5h) .
Many sections revealed the presence of a complex network of intracellular threads. These were most evident in spherical swollen cells which occur with low frequency in most spiroplasma cultures (Townsend et al., 1980b) . The network of threads was not stained by reagents specific for p55 and p25. Sections passing through spherical cells and stained with anti-p25 antibody showed very clearly that p25 was associated only with the plasma membrane.
Sections parallel to the longitudinal axis of the spiroplasma cell helix most clearly reflected the morphology of the organisms. When both faces of such sections were stained with antkp55 antibody, groups of gold particles were localized at regular intervals along the cell filament corresponding to areas on the inner curvature of each coil of the helix (Fig. 6a, b) . If similar profiles were stained with anti-p55 antibody on only one face of the section, the staining was either similar or no specific staining was observed. Some sections passing tangentially to the longitudinal axis of the cell helix showed gold particles in long strings (Fig. 6c) . Occasionally sections passed through the tapered tip of a cell and exposed p55 antigen (Fig. 6a, inset) .
Sections stained with anti-p25 antibody became heavily labelled at any point where the plasma membrane was exposed (Fig. 6 d , e) . 
DISCUSSION
We interpret the internal layer seen in thin sections of paraformaldehyde fixed cells as representing a helically twisted ribbon which follows the inner curvature of the spiroplasma cell (i.e. it maintains a position proximal to the longitudinal axis of the helix) as represented diagramatically in Fig. 7 (a) . We believe that this may be the same structure observed in S. citri cells by Cole et af. (1 973) who described an additional discontinuous internal layer, 6.7 nm wide but of variable length, abutting the cytoplasmic membrane and which appeared membrane-like but had an obvious internal content occasionally suggesting cross-striations. Our own observation of fibres within this layer strongly suggests that the ribbon is composed of spiroplasma fibrils. This conclusion is supported by the distribution of p55 fibril protein as demonstrated by immunogold staining with anti-55 antibody.
Since the overall diameter of the spiroplasma helix is about 350 nm and sections were cut at a thickness of about 75 nm, a section such as that represented in Fig. 7 ( a ) , in which one face passes along the longitudinal axis of the cell helix, would expose a series of oval shaped profiles representing the coils of the helix as they loop in and out of the section (Fig. 7b) . On the opposite face, a corresonding series of elliptical shaped profiles would be exposed representing the outer part of each coil (Fig. 7 a ) . When both faces of the section were stained with anti-p55 antibody, p55 was localized on the inner coil of each turn of the helix where our model predicts the fibril ribbon would be exposed; compare Fig. 6 ( a ) with Fig. 7 ( b ) . When only one face of the section 
( h ) .
was stained, some profiles showed no staining for p55, these presumably represent profiles of the outer parts of coils through which the ribbon does not pass (Fig. 70) . Sections tangential to the longitudinal axis of the helix in which p55 was localized in long strings probably cut obliquely across the ribbon, while cross-sections of the cell filament cut across the ribbon at an acute angle so that p55 was localized near the plasma membrane on one side of the cell cross-section. The tendency of the gold reagent to occur in clusters made it difficult to find representative sections which unequivocally showed an intimate association of p55 with the cytoplasmic face of the plasma membrane.
We believe that the fibril ribbon runs the entire length of the cell; p55 was localized in the tapered tip structure which is transient and probably represents a site of recent cell division (Gamier et af., 1984) . The opposite end of such cells is blunt, as revealed by negative staining (Gamier et a!., 1984) and so cannot be identified with certainty in thin sections because of the flexuous nature of spiroplasmas.
While individual fibrils appear to lack the rigidity necessary to determine cell shape, their proximity within the ribbon could facilitate mutual interaction to form a semi-rigid structure capable of maintaining the helical shape of the spiroplasma cell. Kleinschmidt spreads of spiroplasma cell contents suggest that the cellular complement of fibrils is only four or five pairs ,0--.
'
' ' . Fig. 7 . Diagramatic representations of (a) a section 75 nm thick, in which the upper plane passes along the longitudinal axis of the cell helix, showing the cell profiles exposed on either face of the section (shaded) and the position of the endocellular fibril ribbon and (b) cell profiles exposed on one face of a longitudinal section showing the position of the fibril ribbon and the points at which p55 antigen will be exposed (arrowed and +).
which associate in a single ribbon; however, the isolated ribbon shows no evidence of helicity (Townsend, 1983a) , suggesting that the generation of a helix requires interaction with other cell components. Maintenance of helical morphology by a single twisted ribbon implies that an alternative system is responsible for maintaining the filamentous form of the cell. Furthermore, it is difficult to envisage how the fibril ribbon could generate the rotary twisting movements which characterize spiroplasma motility.
The asymmetric distribution of p55 in cross-sections of the cell filament is consistent with the arrangement of fibrils in a ribbon and is clearly inconsistent with the model of arrangement and function which proposed that fibrils were helically wound around the cytoplasmic face of the plasma membrane to form a contractile sheath (Razin, 1978; Townsend et al., 1980b) . Furthermore, we found no evidence that p55 forms part of a cytoskeleton consisting of an endocellular axial filament with lateral branches connecting to the cell membrane (Wilson & Goodman, 1982) . A complex network of intracellular threads was apparent in many sectioned cells but this network did not stain positively for p55 or p25, supporting the generally accepted interpretation that the network is composed of condensed nucleic acid (Cole et a/., 1973; Waters, 1982) . Wroblewski (1981) has proposed that despite its low molecular weight (26000), spiralin forms diameters which are able to span the S . citri plasma membrane. Because of the clustering of the gold reagent we were able to demonstrate convincingly that p25-spiralin was present on both surfaces of the BC3 plasma membrane. Transmembrane distribution of p25-spiralin can be inferred, however, from distribution on p25 demonstrated by immuno-ferritin labelling of surface antigens (Fig. 3b) and by immunogold localization of p25 on cross-sections of the cell filament (Fig. 5g) .
A proportion of p25 spiralin-like protein is in the form of loosely associated extracellular strands which may arise from discrete areas on the cell surface and could be related to the network of strands revealed by detergent extraction of fixed cells. The filamentous nature of this material may account for its co-purification with spiroplasma fibrils resulting in the production of antibodies to both p55 and p25. Although p25 was not detected in the antigen preparation by PAGE, we have previously commented on the highly antigenic nature of this protein (Townsend & Archer, 1983) . The presence of these extracellular strands is of significance in the light of several reports of variable and poorly defined extracellular layers around spiroplasmas which disappear when cells are extensively washed or membranes are prepared (Horne, 1970; Cole et al., 1973; Razin et al., 1973) . Furthermore, differences in the distribution of p25 on the surface of cells, revealed by immuno-ferritin staining with antibodies elicited against p25 co-purifying with fibrils and antibodies to the intrinsic membrane protein (Archer & Townsend, 1981) , suggest that the fibrous form of p25 represents a different epitope.
The use of p55 as a spiroplasma specific marker and its detection at a threshold level of about lo6 organisms per g tissue was reported by Townsend (1983 b) . Immunogold staining offers the possibility of disease diagnosis based on appropriate localization of specific antigen in a single organism within a tissue sample.
